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Almost in all interacting dark energy models present in the literature, the stability of the model
becomes potentially sensitive to the dark energy equation of state parameter wx, and a singularity
arises at ‘wx = −1’. Thus, it becomes mandatory to test the stability of the model into two separate
regions, namely, for quintessence and phantom. This essentially brings in a discontinuity into the
parameters space for wx. Such discontinuity can be removed with some specific choices of the in-
teraction or coupling function. In the present work we choose one particular coupling between dark
matter and dark energy which can successfully remove such instability and we allow a dynamical
dark energy equation of state parameter instead of the constant one. In particular, considering a
dynamical dark energy equation of state with only one free parameter w0, representing the current
value of the dark energy equation of state, we confront the interacting scenario with several obser-
vational datasets. The results show that the present cosmological data allow an interaction in the
dark sector, in agreement with some latest claims by several authors, and additionally, a phantom
behaviour in the dark energy equation of state is suggested at present. Moreover, for this case the
tension on H0 is clearly released. As a final remark, we mention that according to the Bayesian
analysis, Λ-cold dark matter (ΛCDM) is always favored over this interacting dark energy model.
PACS numbers: 98.80.-k, 95.36.+x, 95.35.+d, 98.80.Es
1. INTRODUCTION
The accelerated expansion of the universe still remains
as an enigma for cosmologists. It was first discovered in
late nineties from the observations of nearby Supernovae
Type Ia [1, 2]. Further observations, like the Baryon Os-
cillation Spectroscopic Survey (BOSS) [3], the continua-
tion of Supernova cosmology project [4], the Dark Energy
Survey [5], the mapping of the universe from the multi
wavelength observations of the Sloan Digital Sky Survey
(SDSS) [6], the observation of cosmic microwave back-
ground (CMB) from WMAP [7], Planck [8, 9] and several
other observations have strongly confirmed the acceler-
ated expansion of the universe at recent time. There are
different theoretical prescriptions in the literature to ex-
plain this late-time cosmic acceleration. The most pop-
ularly accepted one is the assumption of the existence
of an exotic component in the energy budget of the uni-
verse. The exotic component, dubbed as dark energy,
is responsible for the alleged accelerated expansion due
to its negative pressure. Observations suggest that dark
energy contributes around 70% to the total energy den-
sity of the universe [9]. The rest of the contribution is
predominated by another exotic component, called the
dark matter (roughly around 26%) [9]. The fundamen-
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tal difference between dark matter and ordinary non-
exotic baryonic matter is that the dark matter does not
have any electromagnetic, strong or week interactions like
baryonic matter, though they have similar gravitational
interaction.
The present work is mainly focused on the interaction
between dark energy and the dark matter. There are ex-
isting models in the literature where independent conser-
vation of dark energy and dark matter has been assumed,
see the details here [10]. On the other hand, models
which allow the interaction between these two dark com-
ponents, are also well consistent with cosmological obser-
vations [11–13]. In fact, interacting and non-interacting
dark energy models are not sharply distinguishable from
the present available observational data. Though the
non-interacting dark energy models are well enough to
explain the observed cosmological scenario, they suffers
from certain theoretical issues. The allowance of an inter-
action between dark energy and dark matter was origi-
nally motivated to provide with an explanation to the
extremely small value of the cosmological constant [14]
and later on it was found that an interaction between
dark matter and dark energy is able to solve the well
known cosmic coincidence problem [15–19]. The devel-
opments in observational cosmology successively fueled
the investigations in this topic with many interesting out-
comes, see [12, 13, 20–32] for different aspects of interact-
ing dark energy from recent observations. Additionally,
several theoretical developments have also enriched the
literature of interacting dark matter and dark energy sce-
narios, see for instance [33–36].
Interacting dark energy models, also known as cou-
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2pled dark energy models, are mainly designed through
the parametrizations of the interaction function that ap-
pears in the conservation equations of dark matter and
dark energy. In the present work, we have considered
a specific interaction scenario, where one of the inter-
acting fluids, namely, dark energy has a time dependent
equation of state (wx). We refer to some recent works
where the interaction scenarios with time varying dark
energy equation of state have been investigated [11, 37–
42]. The dark energy equation of state has an essential
role in this context because the stability of the interaction
model at large scales of the universe is highly sensitive
to it. Whenever the dark energy state parameter crosses
the phantom divide line ‘wx = −1’, the modified pertur-
bation equations in presence of an interaction/coupling
between the dark components, become undefined leading
to a singularity at wx = −1. Thus, in order to confront
the interactions/couplings with the observational data,
two separate regions, namely, wx > −1 and wx < −1 are
considered. However, such problems can be dodged with
some new kinds of interaction models, recently explored
in [37, 43]. Additionally, some recent astronomical obser-
vations report some interesting and overwhelming issues
on the coupling between the dark components. Precisely,
according to the observational data, a nonzero coupling
in the dark sectors is allowed [11–13, 22, 23, 44], although
the coupling is small, but a small deviation from the stan-
dard Λ-cosmology is not completely ruled out. The ten-
sion on the Hubble constant H0 appearing from the local
and global measurements are found to be assuaged in
presence of an interaction between dark matter and dark
energy [22, 43, 45, 46]. The inclusion of the coupling
between the dark components may also push the dark
energy equation of state to go beyond the cosmological
constant limit ‘wx = −1’ [11, 13, 37–39, 43]. Therefore, it
is quite certain that the coupling in the dark sectors still
remains as an attracting field for further investigations.
Now, compared to the interacting scenarios with constant
dark energy equation of state [13, 22, 22, 43, 45], the same
with dynamical equation of state has not been much ex-
plored except of some minimal investigations [11, 37–41].
Thus, in this work we perform a systematic analysis for
dynamical dark energy coupled to dark matter. In fact,
the equation of state for dark energy evolving with time
is most preferred scenario as found in several analyses
[47–51]. In the present analysis, we focus on a specific
parameterization of the dark energy equation of state,
namely, a one parameter dark energy model [52] and we
constrain the coupling strength of the interaction func-
tion along with other free parameters of the interacting
model as well.
The present work has been organized in the following
way. In section 2, we describe the basic equations of
the interaction models at the background and perturba-
tive levels as well as we introduce the specific interac-
tion model that has been studied in the present context.
In section 3, we first describe the observational data to
constrain the interaction scenarios and then we describe
the results of the analysis in subsections 3.1 and 3.2. A
Bayesian analysis for statistical model selection through
the calculation of Bayesian evidence has been discussed
in subsection 3.3. Finally, we close the work with a brief
summary in section 4.
2. INTERACTING DARK FLUIDS AT THE
BACKGROUND AND PERTURBATIVE LEVELS
In the cosmological length scale, the geometry of the
universe is best described by the Friedman-Lemaˆıtre-
Robertson-Walker (FLRW) line element. Thus, in this
work we assume the same line element which takes the
form
ds2 = −dt2 + a2(t)
[
dr2
1−Kr2 +
(
dθ2 + sin2 θdφ2
)]
, (1)
where a(t) is the scale factor of the universe and K is
its curvature scalar. For K = 0,−1,+1, a spatially flat,
open or a closed universe is respectively described. In the
present work we consider the spatial flatness of the uni-
verse, that means we set K = 0, throughout the present
work. Further, we assume that the gravity sector of the
universe follows the Einstein’s general relativity where
additionally, (i) the matter sector is minimally coupled to
gravity and (ii) the total energy density of the universe is
shared by four components, namely, radiation, baryons,
pressureless dark matter and a dark energy fluid where
only dark matter and dark energy fluids are coupled to
each other while the rest two fluids are conserved sepa-
rately. The conservation equations for dark matter with
zero pressure, i.e., cold dark matter (CDM) and dark en-
ergy (DE) with dynamical equation of state, wx ≡ px/ρx,
can be given as
ρ˙c + 3Hρc = −Q, (2)
and
ρ˙x + 3H(1 + wx)ρx = Q, (3)
where H ≡ a˙/a is the Hubble rate of this FLRW universe
and in equations (2), (3), the new quantity Q describes
the flow of energy between the dark sectors (i.e., CDM
and DE), known as the interaction function. The alge-
braic constraint on the dynamics of the universe is the
Friedmann equation,
H2 =
8piG
3
(ρr + ρb + ρc + ρx) , (4)
where G is the Newton’s gravitational constant. The
equation (4) together with the conservation equations (2)
and (3) can in principle determine the entire dynamics
of the universe, once the interaction function Q is pre-
scribed. Usually, several choices for Q can be made, how-
ever, in this work we are interested on the choice of the
3interaction functions that are able to produce stable per-
turbations on the large scales of our Universe. Since the
structure formation is a very important issue to under-
stand the dynamics of the universe, thus, it is mandatory
to focus on the perturbations equations that are modi-
fied in presence of any arbitrary coupling between dark
matter and dark energy.
In what follows, we consider the perturbed FLRW met-
ric given by [53–55]
ds2 = a2(τ)
[
− (1 + 2φ)dτ2 + 2∂iBdτdxi
+
(
(1− 2ψ)δij + 2∂i∂jE
)
dxidxj
]
, (5)
where by τ we mean the conformal time; φ, B, ψ and E
are the the gauge-dependent scalar perturbation quan-
tities. For the above metric, one can calculate the field
equations as [56–58]
∇νTµνA = QµA,
∑
A
QµA = 0,
where A has been used to mean any fluid either dark
matter or dark energy. For A = c, we mean CDM while
A = x means the DE fluid. The quantity QµA takes the
form
QµA = (QA + δQA)u
µ + a−1(0, ∂ifA), (6)
relative to the four-velocity uµ where QA is the back-
ground energy transfer (i.e., QA = Q) and fA is the mo-
mentum transfer potential. For simplicity, we assume
that momentum transfer potential is zero in the rest
frame of the dark matter [56–58] which directs k2fA =
QA(θ − θc) where k is the wave number and θ = θµµ, θc
are respectively the volume expansion scalar of the to-
tal fluid and the volume expansion scalar for the CDM
fluid. Now, introducing the density perturbations for the
fluid ‘A’ as δA = δρA/ρA and considering no anisotropic
stress in the system, the density and velocity perturba-
tions for the dark fluids in the synchronous gauge, that
means φ = B = 0, ψ = η, and k2E = −h/2−3η, where h
and η are the metric perturbations (see [54] for details),
can be written as
δ′x = −(1 + wx)
(
θx +
h′
2
)
− 3H(c2sx − wx)
[
δx + 3H(1 + wx)θx
k2
]
− 3Hw′x
θx
k2
+
aQ
ρx
[
−δx + δQ
Q
+ 3H(c2sx − wx)
θx
k2
]
, (7)
θ′x = −H(1− 3c2sx)θx +
c2sx
(1 + wx)
k2δx +
aQ
ρx
[
θc − (1 + c2sx)θx
1 + wx
]
, (8)
δ′c = −
(
θc +
h′
2
)
+
aQ
ρc
(
δc − δQ
Q
)
, (9)
θ′c = −Hθc, (10)
where H is the conformal Hubble rate and the quantity
δQ/Q actually includes the perturbations for the Hub-
ble rate δH (recall that H = aH). Using δH, the gauge
invariant equations for the coupled dark fluids can be
easily found [59]. Thus, in this analysis, we consider the
perturbation of the Hubble expansion rate since the total
expansion rate includes both background and perturba-
tion. Now, the stability of the model depends on the
pressure perturbations for dark energy which is also de-
pendent on the interaction function through the relation,
δpx = c
2
sxδρx − (c2sx − c2ax)ρ′x
θx
k2
= c2sxδρx + 3Hρx(1 + wx)(c2sx − c2ax)(1 + d)
θx
k2
,
where the parameter d, named as doom factor, is ex-
pressed as
d ≡ −aQ/[3Hρx(1 + wx)], (11)
It ensures the stability of any interaction model for d ≤ 0
[59]. Thus, using the expression for the doom factor (11),
for any interaction model, one can find the conditions for
stability of the interaction model. In particular, for the
usual models Q = ξHQ¯ (where Q¯ > 0) one can find that,
the model could lead to stable perturbations at large scale
if ξ ≥ 0 and (1 + wx) > 0 or ξ ≤ 0 and (1 + wx) < 0.
So, clearly there is a jump of the equation of state wx
at ‘−1’. We mention that if we simply consider the in-
teracting cosmological constant scenario, then the gov-
erning equations become simple from the very beginning
and the treatment is no longer the same for any arbitrary
wx 6= −1. However, for any arbitrary wx, if we need to
constrain the dark energy equation of state, then we can-
not take the prior of wx ∈ [a, b] (a, b ∈ R) where −1 is
included in this closed interval. We must have to take
the intervals (−1, b] or [a,−1). Thus, certainly, it is clear
that some information is basically lost during the analy-
4sis. Such problem can be removed if we simply transform
the interaction as Q → (1 + wx)Q, that is, if we include
a term (1 + wx) from outside into the interaction func-
tion. However, such phenomenological construction can
be viewed as a simple transformation of the coupling pa-
rameter as ξ → ξ(1 + wx). Here we work on the model
Q = 3Hξ(1 + wx)ρx for which the doom factor (11) re-
turns d = −ξ, and thus, the stability of this interaction
model is ensured for ξ ≥ 0. One may notice that this in-
teraction function depends on dark energy density as well
as pressure like contribution of the dark energy. Here,
we focus on the dynamical dark energy equation of state.
The main idea is to see how the cosmological parame-
ters are effected in presence of an interaction when dark
energy equation of state is dynamical unlike the interac-
tion scenarios with constant equation of state or vacuum
interaction. To begin with such investigations, we start
with the following dark energy parametrization with only
one free parameter as [52]
wx(z) =
w0
1 + z
exp
(
z
1 + z
)
, (12)
where w0 is the present value of the dark energy equa-
tion of state, i.e., w0 = wx(z = 0). Before closing this
section, in Fig. 1 and 2 we present the qualitative evo-
lution of the present interaction model. In Fig. 1 we
present the qualitative evolution of the interaction func-
tion for several coupling strengths where we analyzed the
scenario both for the quintessence (left panel of Fig. 1)
and phantom dark energy state (right panel of Fig. 1)
parameters. From the left panel of Fig. 1 we see that
the interaction function Q remains to be positive, that
means, for w0 > −1 regime, the energy flow takes place
from CDM to DE. While from the right panel of Fig. 1
(for w0 < −1), we observe an interesting feature. We see
that w0 < −1 enables a sign change in Q in the follow-
ing way: For high redshifts, Q > 0 (energy flow takes
place from CDM to DE) while for low redshifts, Q < 0
(energy flow thus takes place from DE to CDM). Hence,
as a result, for w0 < −1, energy flow changes its direc-
tion during the evolution of the universe. In Fig. 2 we
have analyzed the qualitative nature of Q varying w0 at
a fixed value of ξ. In the left panel of Fig. 2 we have
fixed (ξ = 0.001) and varied w0 from the quintessence
to phantom regime. It shows that Q remains positive in
this case (energy flow from CDM to DE). For the right
panel of Fig. 2 we fix ξ = 0.5 and vary w0. It shows a
transition of Q from its negative to positive values and
thus indicates towards a change in the direction of energy
flow.
3. OBSERVATIONAL DATA AND THE
CONSTRAINTS
In this section we describe the observational data and
the fitting mechanism used to constrain the current in-
teracting dark energy models.
• We consider the high-` temperature and polar-
ization as well as the low-` temperature and po-
larization Cosmic Microwave Background angular
power spectra from Planck (Planck TT, TE, EE +
lowTEB) [60, 61].
• The Joint light-curve analysis (JLA) sample from
Supernovae Type Ia [62].
• Baryon acoustic oscillations (BAO) distance mea-
surements [63–65].
• Hubble parameter measurements from the Cosmic
Chronometers (CC) [66].
• Local Hubble constant value yielding H0 = 73.24±
1.74 km/s/Mpc at 68% CL [67] from the Hubble
Space Telescope (HST).
• Redshift space distortion data (RSD) [68].
• Weak lensing (WL) data from the blue galaxy sam-
ple compiled from the Canada-France-Hawaii Tele-
scope Lensing Survey [69, 70].
In order to extract the observational constraints on the
free and derived parameters of the interacting scenario,
we perform a fitting analysis using our modified version of
the Markov chain Monte Carlo package cosmomc [71, 72]
that is equipped with a convergence diagnostic based on
the Gelman and Rubin statistic and includes the sup-
port for the Planck data release 2015 likelihood Code [61]
(see http://cosmologist.info/cosmomc/) 1 One can
clearly see that the present interacting scenario with one
parameter dynamical dark energy equation of state (12)
extends its parameters space beyond the six-parameters
ΛCDM model. For convenience, the interacting model
with DE assuming the parametrization (12) is labeled as
IDE. Thus, one can see that for the spatially flat FLRW
universe, the parameters space for IDE is,
P1 ≡
{
Ωbh
2,Ωch
2, 100θMC , τ, w0, ξ, ns, log[10
10AS ]
}
,
(13)
where the parameters Ωbh
2, Ωch
2, are respectively the
baryon and cold dark matter densities; 100θMC is the ra-
tio of sound horizon to the angular diameter distance; τ
is the reionization optical depth; ns is the scalar spectral
index; AS is the amplitude of the primordial scalar power
1 Perhaps it should be mentioned here that Planck 2018 results
of the cosmological parameters are published [9], but the Planck
2018 likelihood is not public yet. Thus, we are unable to use the
new likelihood from Planck 2018. However, the use of Planck
2018 data will be worthwhile to update the constraints for the
present model as well as for other interacting models.
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FIG. 1: Qualitative evolution of the interaction model Q = 3Hξ(1 + wx)ρx where wx is given in eqn. (12) has been shown for
some specific choices of the coupling parameter, ξ. In the left panel we exhibit the behaviour of the interaction function for
quintessence kind of dark energy, i.e., w0 > −1 (in particular, we set w0 = −0.95) while the right panel depicts the evolution
of the interaction function but for phantom dark energy state parameter, that means for w0 < −1 (in particular, w0 = −1.1).
Let us note that Q0 = H0ρtot,0 = 3H
3
0/(8piG) where ρtot = (ρr + ρb + ρc + ρx), is the total energy density of the universe and
ρtot,0 = ρtot(z = 0).
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FIG. 2: The figure depicts the evolution of the interaction function for different values of w0 with some fixed coupling strengths.
The left panel portrays the evolution of Q for different values of w0 with a fixed and low coupling strength ξ = 0.001 while
on the other hand, the right panel shows the same evolution but for a large coupling strength ξ = 0.5. We note that Q0 has
similar meaning as described for Fig. 1.
spectrum. The remaining parameters w0 is the free pa-
rameter introduced through the parametrization of dark
energy equation of state (equation (12)). Thus, one can
see that the present IDE model is eight dimensional and
hence an extended parameters space in compared to the
non-interacting ΛCDM model. The likelihood for this
analysis is, L ∝ e−χ2/2 where χ2 = ∑i χ2i , and i belongs
to the data set {Planck TT, TE, EE + lowTEB, JLA,
BAO, CC, HST, RSD, WL}. Thus, one may consider dif-
ferent observational combinations for a detailed analysis
of the present interaction model. In what follows, we de-
scribe the results of the interacting scenario. The priors
on the model parameters for the statistical analysis are
shown in Table I.
3.1. Results: IDE
We summarize the observational constraints on various
parameters of IDE in Table II using different observa-
tional datasets. The corresponding confidence level con-
tour plots and also the marginalized likelihood functions
are shown in Fig. 3 only for some selected parameters of
this interacting model.
Our analyses show that the value of the coupling pa-
rameter ξ is very tiny which eventually makes the inter-
action function very small compared to the rate of change
of energy densities due to the expansion of the universe.
However, it is interesting to notice that, for some of the
combinations, in particular, for CMB + BAO + RSD,
CMB + BAO + WL and the full dataset, within 68.3%
CL, ξ 6= 0 is suggested, while within 95.4% CL, ξ = 0 is
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FIG. 3: The 2D confidence contours of various model parameters as well as their 1D marginalized likelihood functions for
the reconstructed interacting scenarios with the one parameter wx(z) parametrization given in equation (12). 68.3% (1σ) and
95.4% (2σ) confidence-level contours and the marginalized likelihood functions are obtained for different combinations of the
data sets. Confidence contours clearly show that the coupling parameter ξ is almost uncorrelated with w0 and other parameters.
The present value of dark energy equation of state parameter w0 strictly remains in the phantom regime.
Parameter Prior
Ωbh
2 [0.005, 0.1]
Ωch
2 [0.01, 0.99]
τ [0.01, 0.8]
ns [0.5, 1.5]
log[1010As] [2.4, 4]
100θMC [0.5, 10]
ξ [0, 1]
w0 [−2, 0]
TABLE I: Flat priors on the cosmological parameters for the
analysis of the interacting dark energy model.
definitely allowed. This means that the non-interacting
wxCDM cosmology is recovered in the 95.4% CL. Fur-
ther, from the estimation of the dark energy equation
of state, it is quite clear that the present value of the
dark energy equation of state, i.e., w0, is in the phantom
regime for all the observational datasets shown in Table
II. Even if the CMB data alone allow w0 to be quintessen-
tial in the 68.3% CL, when this dataset is combined with
other astronomical probes, w0 is strictly less than ‘−1’ at
more than 4σ. This result confirms a phantom nature for
the DE equation of state, as determined in several works
in the literature [31, 45, 47, 73–75].
We also observe an interesting feature. From Table II,
one may notice that the allowance of the interaction can
relieve the tension on H0 as observed from the global [8]
and local measurements [67]. Such observation is clearly
true for the CMB data alone within 2σ, and thus, it
allows us to combine safely HST with the other datasets.
Moreover, the combined analysis with CMB + BAO +
WL and CMB + BAO + HST alleviates the H0 tension
within 68.3% CL. Further, for the dataset CMB + BAO
+ RSD, the tension on H0 is released at 2σ.
In order to examine the effects of the interaction for
this particular equation of state in DE (12), we performed
the analysis without allowing the interaction. In Table III
we summarize the observational constraints on the free
parameters for non-interacting scenario obtained the the
same combined analyses as performed for interacting sce-
767.5 69.0 70.5 72.0
H0
0.270
0.285
0.300
0.315
m
0
0.775
0.800
0.825
0.850
8
1.26 1.20 1.14 1.08
w0
67.5
69.0
70.5
72.0
H
0
0.270 0.285 0.300 0.315
m0
0.775 0.800 0.825 0.850
8
Interaction
No-Interaction
FIG. 4: The 2D confidence contours of various model parameters as well as their 1D marginalized likelihood functions for the
interacting and non-interacting scenarios with the one parameter wx(z) parametrization given in equation (12). The results
of this figure are shown for the combined analysis CMB + BAO + RSD + HST + WL + JLA + CC. One can note that the
common parameters of these two cosmological scenarios assume similar values.
nario. One can easily see (the Table III) that statistically,
the cosmological constraints with and without interaction
where dark energy has a varying nature given in (12) are
really robust. In fact for the interacting model, the cou-
pling strength ξ is found to be uncorrelated with Ωm0,
H0, σ8 and even with w0, as we can see in Fig. 3. In Fig.
4, we display the two dimensional contour plots for vari-
ous combinations of the model parameters for interacting
and non-interacting scenario and also the marginalized
likelihood functions for those parameters obtained in the
combined analysis with CMB + BAO + RSD + HST +
WL + JLA + CC. From Fig. 4, one can easily observe
that it is very hard to distinguish the interacting scenario
from the non-interacting one. The dark energy equation
of state seems to be unaltered even if an interaction is
allowed in the dark sectors.
However, it is interesting to notice that without in-
teraction, the CMB data prefer a phantom dark energy
equation of state w0 at more than 1σ, as we can see from
Table III. Moreover, in this case we find that for all the
data sets, H0 has a large shift towards its higher values,
which now is fully in agreement with the local value of
HST.
Comparing Table II (interaction) with Table III (no-
interaction), we can see that for the CMB only case, the
constraints on w0 and the derived parameters become
stronger when an interaction is allowed (see also Fig. 5).
This seems to be astonishing as the non-interacting sce-
nario has one less parameter than the interacting sce-
nario. The reason for this feature can be found in Fig. 6,
where it is evident that by introducing the interaction
into the cosmological picture, we break the degeneracy
for larger negative values of w0, that are no more in
agreement with the data. This exact phenomenon is also
reflected from the matter power spectrum of the IDE
model displayed in Fig. 7.
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FIG. 5: The 2D confidence contours of various model parameters as well as their 1D marginalized likelihood functions for the
interacting and non-interacting scenarios with the one parameter wx(z) parametrization given in equation (12). The results of
this figure are shown for the CMB data only. One can note that the 2D contours and the 1D marginalized posterior distributions
of the parameters for the interacting scenario are shrinked compared to that in the absence of interaction.
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FIG. 6: The left panel shows the temperature power-spectrum for ξ = 0 and different values of wx(z), of equation (12) while
the right panel shows the temperature power-spectrum for ξ = 0.5 and different values of wx(z). From the left panel one can
see that for the non-interaction scenario, no considerable variations are observed even if we increase the magnitude of w0 while
from the right panel we see that as long as the interaction is considered into the picture, the variations in the temperature
power-spectra become highly sensitive for similar values of w0.
9Parameters CMB CMB+BAO+RSD CMB+BAO+WL CMB+BAO+HST
CMB+BAO+RSD+HST
+WL+JLA+CC
Ωch
2 0.1213+0.0014+0.0030−0.0015−0.0029 0.1194
+0.0012+0.0024
−0.0012−0.0023 0.1192
+0.0013+0.0022
−0.0012−0.0024 0.1199
+0.0012+0.0024
−0.0012−0.0025 0.1185
+0.0011+0.0022
−0.0011−0.0022
Ωbh
2 0.02208+0.00016+0.00033−0.00017−0.00032 0.02219
+0.00014+0.00030
−0.00018−0.00028 0.02223
+0.00013+0.00029
−0.00015−0.00026 0.02218
+0.00015+0.00028
−0.00014−0.00029 0.02227
+0.00014+0.00028
−0.00014−0.00028
100θMC 1.04019
+0.00038+0.00066
−0.00034−0.00071 1.04042
+0.00033+0.00065
−0.00031−0.00064 1.04050
+0.00030+0.00062
−0.00031−0.00060 1.04043
+0.00033+0.00060
−0.00032−0.00063 1.04053
+0.00034+0.00058
−0.00031−0.00064
τ 0.085+0.017+0.034−0.019−0.032 0.079
+0.018+0.036
−0.019−0.034 0.082
+0.019+0.035
−0.018−0.036 0.086
+0.017+0.034
−0.017−0.033 0.078
+0.018+0.034
−0.018−0.033
ns 0.9710
+0.0041+0.0091
−0.0045−0.0085 0.9750
+0.0042+0.0082
−0.0042−0.0089 0.9757
+0.0042+0.0081
−0.0042−0.0079 0.9738
+0.0041+0.0083
−0.0041−0.0078 0.9771
+0.0040+0.0081
−0.0040−0.0079
ln(1010As) 3.114
+0.035+0.066
−0.035−0.063 3.097
+0.034+0.069
−0.037−0.067 3.105
+0.035+0.068
−0.034−0.072 3.116
+0.035+0.065
−0.033−0.065 3.093
+0.034+0.066
−0.034−0.065
w0 −1.16+0.17+0.26−0.09−0.35 −1.157+0.040+0.076−0.039−0.083 −1.24+0.06+0.10−0.05−0.12 −1.277+0.049+0.097−0.049−0.097 −1.151+0.028+0.057−0.029−0.061
ξ < 0.0028 < 0.0046 0.0019+0.0009−0.0017 < 0.0037 0.0020
+0.0011
−0.0015 < 0.0038 < 0.0032 < 0.0048 0.0016
+0.0011
−0.0009 < 0.0030
Ωm0 0.3130
+0.0463+0.0765
−0.0306−0.0938 0.2986
+0.0099+0.0205
−0.0101−0.0199 0.2774
+0.0112+0.0221
−0.0114−0.0227 0.2720
+0.0092+0.0194
−0.0094−0.0182 0.2948
+0.0071+0.0164
−0.0084−0.0141
σ8 0.829
+0.029+0.10
−0.054−0.080 0.819
+0.015+0.029
−0.015−0.030 0.848
+0.021+0.039
−0.021−0.040 0.868
+0.019+0.036
−0.019−0.039 0.812
+0.015+0.027
−0.014−0.028
H0 68.3
+2.4+12
−5.4−8.1 69.0
+1.1+2.3
−1.1−2.2 71.6
+1.4+3.2
−1.7−2.9 72.5
+1.3+2.5
−1.2−2.5 69.28
+0.82+1.6
−0.82−1.7
TABLE II: 68.3% (1σ) and 95.4% (2σ) constraints on the model parameters for the interacting dark matter-dark energy scenario
where the dark energy equation of state has a single free parameter shown in equation (12).
Parameters CMB CMB+BAO+RSD CMB+BAO+WL CMB+BAO+HST
CMB+BAO+RSD+HST
+WL+JLA+CC
Ωch
2 0.1205+0.0016+0.0032−0.0015−0.0032 0.1194
+0.0011+0.0022
−0.0011−0.0023 0.1191
+0.0012+0.0023
−0.0012−0.0022 0.1196
+0.0011+0.0023
−0.0012−0.0022 0.1184
+0.0011+0.0023
−0.0011−0.0022
Ωbh
2 0.02215+0.00017+0.00035−0.00017−0.00034 0.02220
+0.00015+0.00029
−0.00016−0.00028 0.02222
+0.00015+0.00027
−0.00014−0.00027 0.02219
+0.00014+0.00028
−0.00014−0.00027 0.02227
+0.00014+0.00029
−0.00016−0.00028
100θMC 1.04034
+0.00035+0.00070
−0.00034−0.00071 1.04045
+0.00032+0.00063
−0.00032−0.00061 1.04047
+0.00030+0.00059
−0.00031−0.00061 1.04045
+0.00032+0.00063
−0.00032−0.00061 1.04057
+0.00029+0.00067
−0.00036−0.00062
τ 0.082+0.019+0.035−0.018−0.035 0.080
+0.019+0.035
−0.018−0.035 0.085
+0.018+0.035
−0.018−0.035 0.086
+0.017+0.035
−0.017−0.036 0.078
+0.018+0.035
−0.020−0.035
ns 0.9721
+0.0045+0.0089
−0.0047−0.0087 0.9751
+0.0042+0.0081
−0.0042−0.0084 0.9757
+0.0042+0.0079
−0.0042−0.0082 0.9745
+0.0042+0.0081
−0.0046−0.0079 0.9776
+0.0040+0.0078
−0.0039−0.0077
ln(1010As) 3.108
+0.035+0.067
−0.035−0.070 3.099
+0.036+0.070
−0.036−0.070 3.110
+0.034+0.067
−0.035−0.068 3.113
+0.034+0.066
−0.033−0.069 3.093
+0.035+0.069
−0.039−0.065
w0 −1.38+0.33+0.49−0.23−0.55 −1.153+0.038+0.071−0.037−0.074 −1.234+0.063+0.11−0.054−0.12 −1.263+0.053+0.10−0.047−0.097 −1.15+0.029+0.056−0.030−0.058
Ωm0 0.260
+0.057+0.12
−0.076−0.12 0.2998
+0.0093+0.018
−0.0092−0.019 0.278
+0.012+0.023
−0.012−0.023 0.2738
+0.0092+0.020
−0.0097−0.018 0.2952
+0.0070+0.014
−0.0077−0.013
σ8 0.896
+0.074+0.16
−0.096−0.15 0.818
+0.015+0.032
−0.016−0.032 0.849
+0.021+0.043
−0.023−0.040 0.862
+0.020+0.040
−0.020−0.039 0.810
+0.014+0.026
−0.013−0.028
H0 76
+7.0+19
−12−16 68.9
+1.0+2.1
−1.0−1.9 71.5
+1.4+3.3
−1.7−3.0 72.1
+1.3+2.5
−1.3−2.5 69.20
+0.76+1.5
−0.73−1.6
TABLE III: 68.3% (1σ) and 95.4% (2σ) constraints on the model parameters for the non-interacting dark matter-dark energy
scenario (i.e., ξ = 0) in which the dark energy state parameter follows equation (12).
lnBij Strength of evidence for model Mi
0 ≤ lnBij < 1 Weak
1 ≤ lnBij < 3 Definite/Positive
3 ≤ lnBij < 5 Strong
lnBij ≥ 5 Very strong
TABLE IV: Interpretation of the revised Jeffreys scale by Kass and Raftery [76] used in this work.
Dataset Model lnBij Strength of evidence for model ΛCDM
CMB IDE -4.3 Strong
CBR IDE -4.8 Strong
CBW IDE -6.7 Very Strong
CBH IDE -8.5 Very Strong
CBRHWJC IDE -3.9 Strong
TABLE V: Values of lnB and the strength of the evidence for the IDE model against the ΛCDM, as obtained in our analysis
for different dataset combinations. The negative sign actually indicates that the ΛCDM is preferred over the IDE model. We
note that here, CBR = CMB + BAO + RSD, CBW = CMB + BAO + WL, CBH = CMB + BAO + HST, and CBRHWJC
= CMB + BAO + RSD + HST + WL + JLA + CC.
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FIG. 7: The left panel displays the behaviour of the matter power spectrum for ξ = 0 and different values of wx(z) of equation
(12), while the right panel shows the matter power spectrum with a fixed coupling parameter ξ = 0.5 and different values of
wx(z). Looking at the left panel one can realize that the values of w0 do not affect the matter power spectrum when there
is no interaction, but as long as the interaction is considered, the same values of w0 could change the behaviour of the power
spectrum in a vibrant way.
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FIG. 8: The left panel shows the power-spectrum of temperature anisotropy for the non-interacting (ξ = 0) and interacting
dark energy model (for different values of the coupling parameter ξ) where dark energy has a dynamical state parameter given
in eqn. (12). The right panel shows the corresponding residuals for the model for both interacting and non-interacting scenario
with respect to the base ΛCDM model. For both left and right panels, the parameters, such as w0 and others are fixed according
to their mean values obtained from the combined analysis CMB + BAO + RSD + HST + WL + JLA + CC. From the left
panel one can clearly see that as ξ increases, the height of the first acoustic peak in the power spectrum increases compared to
the non-interaction scenario.
3.2. IDE at large scales: CMB and matter power
spectra
Let us now discuss the behaviour of the IDE model at
large scales of the universe and also measure the devia-
tion from its corresponding non-interacting scenario. In
order to do so, in the left panel of Fig. 8, we show the
temperature anisotropy in the CMB spectra for the IDE
scenario (using different values of the coupling parame-
ter ξ) and the non-interacting scenario (corresponds to
ξ = 0). The essential parameters such as w0 and oth-
ers, used for drawing the plot are fixed according to their
mean values, obtained from the combined analysis CMB
+ BAO + RSD + HST + WL + JLA + CC. In the
right panel of Fig. 8 we show the corresponding resid-
ual with respect to the base ΛCDM model where we also
include the case for non-interacting scenario. From the
left panel of Fig. 8, one can notice that the height of the
first acoustic peak in the CMB power-spectrum changes
as the coupling strength increases. The corresponding
residuals for the model (right panel of Fig. 8) behave in
a similar way for higher multipoles (around l ∼ 103), but
at lower multipoles, in the cosmic variance limited region
around l ∼ 10, the one parameter wx model (12) sharply
deviates from the base ΛCDM for both interacting and
non-interacting cases.
In the left panel of Fig. 9, we show the power spectra of
the matter density contrast for the interacting model for
different values of the coupling parameter ξ where ξ = 0
refers to the corresponding non-interacting model. In the
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FIG. 9: The left panel shows the power-spectrum of the matter density contrast for the non-interacting (ξ = 0) and interacting
dark energy model (for different values of the coupling parameter ξ) where dark energy has a dynamical state parameter given
in eqn. (12). The right panel shows the corresponding residuals for both interacting and non-interacting scenarios with respect
to the base ΛCDM model. For both left and right panels, the parameters, such as w0 and others are fixed according to their
mean values obtained from the combined analysis CMB + BAO + RSD + HST + WL + JLA + CC. From the left panel one
can see that the matter power spectrum gets suppressed as the strength of the interaction increases.
right panel of Fig. 9, we display the corresponding resid-
ual with respect to the base ΛCDM model scaled by the
corresponding ΛCDM values. We note that the essential
parameters such as w0 and others, used for drawing the
plot are fixed according to their mean values, obtained
from the combined analysis CMB + BAO + RSD + HST
+ WL + JLA + CC. From the left panel of Fig. 9, one can
see that the matter power spectrum for this one param-
eter dark energy state parameter (12) gets suppressed
with the increase of the interaction strength quantified
by ξ.
3.3. Bayesian Evidence
In this section, statistical comparison of models has
been discussed by calculating the evidence of the present
interacting dark energy model with respect to the refer-
ence ΛCDM model following the Bayesian analysis.
In Bayesian analysis, the posterior probability distri-
bution of a model parameter θ is defined based on a given
data set x, used to test the model M , and any prior in-
formation. The Bayes theorem states the posterior prob-
ability of the parameter θ as,
p(θ|x,M) = p(x|θ,M)pi(θ|M)
p(x|M) , (14)
where the quantity p(x|θ,M) represents the likelihood
function which depends on the model parameters θ with
the fixed data set and pi(θ|M) is the prior information.
The quantity p(x|M) in the denominator of the right
hand side of eq. (14) is known as the Bayesian evidence
which is actually the integral over the unnormalised pos-
terior p˜(θ|x,M) ≡ p(x|θ,M)pi(θ|M). It expressed as
E ≡ p(x|M) =
∫
dθ p(x|θ,M)pi(θ|M). (15)
This is also referred to as the global likelihood. Now, be-
tween any two models, Mi and Mj where Mi is the model
under consideration and Mj is the reference model (here
the ΛCDM model), the posterior probability is given by
the product of the ratio of the model priors and the ratio
of Evidences
p(Mi|x)
p(Mj |x) =
pi(Mi)
pi(Mj)
p(x|Mi)
p(x|Mj) =
pi(Mi)
pi(Mj)
Bij . (16)
where Bij =
p(x|Mi)
p(x|Mj) , is the Bayes factor of the considered
model Mi compared to the reference model Mj . This fac-
tor reports how the observational data support the model
Mi over Mj . We classify the model comparison as fol-
lows: if Bij > 1, then the data support the model Mi
more strongly compared to the model Mj . Now, depend-
ing on different values of the Bayes factor Bij (sometimes
one calculates the values of lnBij), we compare the mod-
els. This quantification is generally done accepting the
revised Jeffreys scale by Kass and Raftery [76] displayed
in Table IV.
The Bayesian evidence is computed using the MCMC
chains for the statistical analysis of the model. We refer
to the original works [77, 78] for a detailed implementa-
tion of the code MCEvidence2.
In Table V we present the lnBij values of the IDE
model with respect to the base ΛCDM model. The nega-
tive values of lnBij indicate the preference of the ΛCDM
2 This code is publicly available at
github.com/yabebalFantaye/MCEvidence.
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model over the IDE model. From the numerical values of
lnBij and using the Jeffreys scale (Table IV), one may
clearly conclude that the base ΛCDM is strongly favored
over the present IDE model.
4. CONCLUSIONS AND FINAL REMARKS
Cosmological models where the main two dark fluids
of the universe namely dark matter and dark energy in-
teract with each other is the main concern of this work.
Theoretically, an interaction in the dark sector is able
to provide some explanations for the cosmological con-
stant problem [14] and cosmic coincidence problem [15–
19]. From the observational point of view, the possibility
of an interaction in the dark sector is indicated by a series
of latest astronomical data [11–13, 22, 23, 44, 45]. Addi-
tionally, an interaction in the dark sector is also able to
reconcile theH0 tension [22, 43, 45, 46]. Thus, the cosmo-
logical models allowing an interaction in the dark sector,
are gaining significant attention at current time. In this
work we investigate an interacting dark energy scenario
where the dark energy has a time varying equation of
state parameter (equation (12)). We note that the inter-
acting scenarios where dark energy has a dynamical equa-
tion of state are clearly the most general ones compared
to the interacting scenarios with wx = constant. How-
ever, the theory of interaction is not smooth enough since
the incorporation of an interaction is equally responsible
in affecting the other observables. One important issue,
related to the interacting dark energy, is the large scale
stability of the model which depends on the choice of the
interaction function. Most of the interacting dark energy
models, present in the literature, suffers from the singu-
larity at wx = −1. But the problem can be alleviated
with some particular choices of the interaction function
[37, 43]. Hence, in this work, the interaction function
is chosen as Q = 3Hξ(1 + wx)ρx, thus, the interaction
function depends on the energy density of the dark energy
(ρx) and pressure like contribution (px = wxρx) of dark
energy. This kind of interaction function is very efficient
to successfully remove the singularity in the pressure per-
turbation equation (11) of dark energy at wx = −1.
For a clear understanding on how the dynamical wx in
(12) effects the cosmological evolution in presence of in-
teraction in the dark sector, we have also studied the non-
interacting scenario with the same wx given in (12). In
order to fit both the models with the observational data
we use different combinations of recently available obser-
vational datasets. For the interacting scenario driven by
the one parameter wx(z) model, given in equation (12),
the coupling parameter (ξ) is obtained to be very small
and consequently the interaction is less significant. It is
also clear from Fig. 3 that the coupling parameter ξ is
almost uncorrelated with other parameters. The present
value of dark energy equation of state parameter strongly
remains in the phantom regime. However, the analyses
also show that within 68.3% CL, the combined datasets
CMB + BAO + HST and CMB + BAO + WL are in
tension with the datasets CMB + BAO + RSD and CMB
+ BAO + RSD + HST + WL + JLA + CC (Fig. 3).
We perform similar analyses with the non-interacting sce-
nario (see Table III) and compared both the scenarios in
Fig. 4 (for the full dataset CMB + BAO + RSD + HST +
WL + JLA + CC) which shows that for this one parame-
ter wx(z) model, the observational constraints, obtained
in interacting and non-interacting scenarios, are almost
indistinguishable.
Now, from the effects of the interaction on the large
scales of the universe, shown in Fig. 8 (CMB spectra) and
Fig. 9 (matter power spectra), we have a couple of ob-
servations. From the power-spectra of the anisotropy of
CMB temperature (Fig. 8), the power-spectra of matter
density contrast (Fig. 9) and also from the corresponding
residuals with respect to the base ΛCDM (right panels
of both Fig. 8 and Fig. 9), it is clearly found that the in-
teracting one parameter wx model sharply deviates from
the base ΛCDM power-spectrum.
The direction of energy flow is another important
quantity in this context that we have explored. For the
present model, since the value of the coupling parameter
(ξ) is essential for the stability of the interacting scenario
(see the discussions after equation 11 of section 2), thus,
the direction of the energy flow between the dark fluids
mainly depends on the factor (1 + wx), that means, the
direction of energy flow is affected by the nature of dark
energy (for wx > −1, Q > 0 while for wx < −1, we have
Q < 0). A general behaviour of the interaction function
has been shown for different values of ξ (Fig. 1) as well
as for different values of w0 with some fixed ξ (Fig. 2).
Now, from the constraints on w0, one can see that the
present analyses allow both quintessence (w0 > −1) and
phantom (w0 < −1) regimes, and the mean values of
w0 remains in phantom one. Thus, the interaction rate
at present, Q(z = 0) is allowed to have both positive
and negative value, though Q(z = 0) < 0 is slightly pre-
ferred. From the conservation equations (2) and (3), it is
clear that a negative value of the interaction function Q
indicates the energy flow from the dark energy to dark
matter.
As already mentioned that the present results clearly
show that the dark energy equation of state parameter
and the coupling parameter (ξ) of the interaction func-
tion are almost uncorrelated. It indicates that the dark
energy equation of state parameter is in general degener-
ate with the possible interaction in the dark sector. In an
earlier work [79], the author has discussed about the de-
generacy in generalized dark energy models with respect
to different cosmological probes and concluded that in-
teracting dark energy is always equivalent to a class of
non-interacting dark energy. From the present analysis,
it can be particularly concluded that the dark energy
equation of state is not distinguishable for interacting
and non-interacting scenarios based on the present cos-
mological data at background and at linear perturbation
level. Lastly, from the Bayesian analysis, we find that
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ΛCDM is still strongly favored over the IDE model. This
might be the case related to the increased dimension of
the IDE parameter space compared to the 6-parameters
based ΛCDM model.
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